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Introduction
Nickel±Titanium (Ni±Ti) instruments have been developed in order to minimize the complications encountered during root canal shaping.
According to Walia et al. (1988) and Scha Èfer (1997) , these instruments demonstrate superior resistance to fracture compared with stainless steel instruments. Moreover, Ni±Ti alloys also exhibit a shape memory effect. That is, if an initially straight Ni± Ti wire is bent at a temperature below that of which it is dominantly superelastic (in other words, at temperatures below the lower end of the superelastic temperature window), it will regain its original configuration upon heating to a temperature above the upper end of the superelastic temperature window (1258C). Thus, any deformation in an Ni±Ti instrument as a result of use can theoretically be removed by heating the file to a temperature above 1258C (Serene et al. 1994) .
Numerous investigations have reported on the influence of simulated clinical conditions on Ni±Ti instruments (Serene et al. 1994) . Instruments show pitting corrosion and fracture completely after sterilization procedures and exposure to 5% sodium hypochlorite (Aten 1993) . Serene et al. (1994) noted an increase in the incidence of the number of rotations to breakage of Ni±Ti files following dry heat and autoclave sterilization. In contrast, Mize et al. (1997) demonstrated that sterilization had no effect on prolonging the clinical life expectancy or altering cyclic fatigue characteristics of Ni±Ti instruments. Zuolo & Walton (1997) tested stainless steel and Ni± Ti hand instruments and Ni±Ti rotary Profiles (Maillefer, Ballaigues, Switzerland) on the mesial canals of extracted mandibular human molars. They found that Ni±Ti instruments resisted deterioration better than stainless steel. After 12 min of use most files were considered to be unusable. Small-sized Ni±Ti rotary instruments presented the highest incidence of breakage.
The purpose of this study was to evaluate the rotation-to-breakage of the Profile Taper 0.06 rotary instruments (PRIs) (Maillefer) after simulated and repeated clinical use, and exposure to a 2.5% solution of NaOCl and dry heat sterilization.
Materials and methods
Two hundred and twenty-five mesial root canals in 134 human mandibular molars were chosen for this study. The corresponding roots had mature apices and demonstrated moderate curvatures (> 258). The teeth were kept in 10% formalin at 37C until use.
Access openings were made; the canal orifices were located and the cavity irrigated with 2.5% NaOCl. Patency of the canals was determined with a size 08 K-type file (Maillefer). Only canals having a snug fit either with a size 08 or size 10 K-type file were included. The working length of each canal was determined by passing a size 08 file to the apical foramen and then subtracting 0.5 mm. Working length and reference points were recorded for each canal. Initial radiographs were taken from the proximal and buccal directions, and exposure time and processing were standardized. The radiographs were used to detect canals that joined each other. In these cases, only one canal was included in the study. The angle of curvature and the radius of curvature were determined on the initial buccal radiograph using the method of Pruett et al. (1997) . Canals were ordered according to radius of curvature (least to greatest) then randomly assigned into two experimental groups, such that all ranges of radii of curvature were equally represented in each group.
In the experimental group 1, PRI 0.06 taper sizes 40 to 15 were used in a crown-down technique. The PRIs were used in a handpiece in conjunction with a high torque motor (TC 3000; Maillefer) at 150 rpm. The series of PRIs were used according to the principles cited by Machtou & Martin 1997 , and in a continuous axial motion. Preparation was considered complete when a size 20 PRI reached the working length, a medium-sized gutta-percha cone could be adapted to 0.5 mm short of the working length and when a Machtou plugger size 1-1 could penetrate to 5±7 mm short of the working length without contacting the canal walls. During shaping, each canal was irrigated with 5 mL of 2.5% NaOCl using a 5/8-inch 27 gauge needle placed as far into the root canal as possible without binding. The patency of the apical foramen was checked by passing the tip of a size 08 file through the foramen before each use. The PRI set was sterilized by dry heat at 1608C for 2 h and the same set was used in five canals. Fifteen sets of PRI taper 0.06 were included in this first experimental group.
The experimental group 2 included 15 sets of PRI taper 0.06 sizes 40 to 15. Each set was used as in group 1 to prepare 10 canals. Sodium hypochlorite 2.5% was also used as the irrigant and each set was sterilized by dry heat, as in group 1, before preparing each of the 10 canals.
For both experimental groups, each canal required two or three recapitulations with a size 40 to size 15 series.
Each file of the different sets of the two experimental groups was then rotated in a 908 metal tube (inner diameter of 2 mm) until it broke (Serene et al. 1994) . The instrument shank butted up against one end of the metallic tube, ensuring that each instrument was placed to the same depth. The tip of the instrument protruded 2 mm from the other end, and was kept free during the cyclic fatigue test. The number of rotations to breakage was recorded for each file and the mean was then calculated for each file size.
In group 3 (control group), PRIs of each size were also tested for the number of rotations to breakage. The files in this group were not used to prepare root canals, not exposed to NaOCl nor subjected to dry heat sterilization.
To determine any statistical difference amongst the file size subgroups, data obtained were subjected to a one-way analysis of variance and Tukey's HSD test. 
Results
The mean and standard deviation of the curvature angle and the curvature radius of the canals of groups 1 and 2 are listed in Table 1 . The mean angle of curvature and the mean radius of curvature were 56.28 and 3.69 mm for group 1, respectively, and, 57.38 and 3.63 mm for group 2. The mean and standard deviation of the number of rotations to breakage for each file size are listed in Table 2 . The lowest numbers corresponded to the PRI size 40 in the three groups. One-way analysis of variance did not demonstrate any significant difference among the same file size subgroups. Within each group, the one-way analysis of variance demonstrated the presence of significant difference between different file sizes. The Tukey's HSD test was used to determine the pairs of file sizes within each group that showed a statistically significant difference (Table 3 ). These pairs were: for group 1, sizes 20/35 and sizes 20/40; for groups 2 and 3, sizes20/25, sizes 20/30, sizes 20/35 and sizes 20/40. Discussion Brantley et al. (1994) and Luebke et al. (1995) have advocated the development of a cyclic fatigue test protocol that simulates clinical conditions of instrument use. Serene et al. (1994) published a volume on Ni±Ti, including results from a preliminary study on rotation to breakage (cyclic fatigue) of hand instruments. However, the experimental design was defined in a limited manner and curve variables such as radius of the curve (Backman et al. 1992 , Knowles et al. 1996 , angle of curvature and radius of curvature were not controlled. Pruett et al. (1997) evaluated cyclic fatigue of Ni±Ti instruments, taking into consideration the curve geometry. The present study is the first comprehensive evaluation of cyclic fatigue that incorporates canal geometry (angle and radius of curvature) and simulated clinical use (sterilization of instruments, instrumentation of human canals and exposure to 2.5% NaOCl) as factors in the breakage of Ni±Ti rotary instruments.
Different techniques have been used to define root canal curvature (Schneider 1971 , Backman et al. 1992 , Hankins & El Deeb 1996 . Pruett et al. (1997) have shown that two canals measured at the same angle in degrees by the Schneider method have very different radii of curvature (degree of abruptness), affecting the difficulty of canal instrumentation and instrument fatigue. The more accurate method of determining canal curvature geometry considering abruptness of the curvature is described by Pruett et al. (1997) and was used in the present study to determine angle and radius of curvature. Canals with a curvature greater than 258 were included in the present study. Pruett et al. (1997) stated that at 258 and below, the fatigue file was indefinitely long, suggesting elastic deformation of the alloy.
Interestingly, in the present study instrument fracture did not occur in any of the 225 cleaned and shaped root canals after five and 10 uses of each set of instruments. The absence of instrument fracture could be explained by the facts that, first, the apical pressure Table 2 Mean AE SD of the number of rotation-to-breakage cycles for each file size in the different groups (any difference, in absolute value, between pairs of means that exceeds HSD 495.1 is considered to be significant). exerted on the PRI during shaping was very slight and, second, every file was used for only a few seconds as recommended by Machtou & Martin (1997) . A prolonged use of the file would increase the contact surface with the canal walls. The instrument would then be subjected to high-level torque and fracture may occur (Machtou & Martin 1997) . Another explanation could be related to the lower speed of rotation (150 rpm) used in this study compared with Zuolo & Walton (1997) who worked at 350 rpm. As stated by Pruett et al. (1997) , any Ni±Ti rotary instrument has a specific life expectancy related to a determined number of cycles. Therefore, a lower rotational speed would be beneficial and provide a greater clinical life, reaching the finite number of rotations to breakage available more slowly. On the other hand, it was noted that four instruments in group 2 showed visible signs of deformation but only after the final use of these instruments. It was the impression of the operator (GY) that deformation occurred as a result of increased apical pressure applied on the handpiece and/or a prolonged use (more than 10 s) of the PRI at each recapitulation (Machtou & Martin 1997) . This is in agreement with Zuolo & Walton (1997) who noticed that after 12 min of use most files were considered to be unusable. It is noteworthy that 12 min represents a long duration of clinical use considering that every instrument must be used for only few seconds (Machtou & Martin 1997) .
In the control group 3, no significant difference was found between size 15 and size 20 files. Moreover, these two sizes showed the highest number of rotations to breakage, although a significant difference was found only with size 20 files. Thus, it would be tempting to state that the 2.0 mm diameter metallic tubes used in this study did not sufficiently constrain the shafts of the smaller (sizes 15 and 20) instruments that would have followed a larger radius path within the tubes. However, this tendency for sizes 15 and 20 to show higher cycles to failure was also obtained in the experimental groups. The results of the present study partially confirmed those of Pruett et al. (1997) who demonstrated that instrument life span is inversely proportional to instrument size. The difference with the present study was probably because of variation in the experimental design. In the present study, the PRIs, sizes 40 to 15, were used in human mesial canals of mandibular molars and exposed to 2.5% NaOCl, whereas Pruett et al. (1997) The results of this study demonstrated that the repeated use (five and 10 times, one canal for each use) of PRIs in simulated clinical conditions and after sterilization by dry heat (5 and 10 cycles) did not influence the number of rotations to breakage when compared with the control group for the same file size. Endodontic instruments are subjected to stress fatigue during intracanal use, especially in the presence of root canal curvatures; the number of rotations to breakage would be expected to decrease. It is noteworthy that the tubular model system used in this study did not reproduce the same stresses on files as those encountered in root canal preparation. Also, sterilization procedures and exposure to NaOCl may enhance corrosion of the instruments and increase the risk of instrument fracture (Aten 1993) . However, Serene et al. (1994) demonstrated that sterilization with dry heat of Ni±Ti instruments resulted in an increase in Ni±Ti hardness, suggesting an improvement in the alloy following heat treatment, and verified this by increased rotation-to-breakage cycles. It is therefore possible that dry heat sterilization may have rejuvenated the PRI after use, explaining the stability of the number of rotations to breakage. Sterilization has been suggested to enhance the fatigue life of Ni±Ti files by reversing the stress-induced martensite transformation to the austenite phase (Serene et al. 1994) .
Conclusions
According to the results of the present study, the Profile Ni±Ti rotary instruments taper 0.06, sizes 40±15, could be safely used, in the instrumentation of the mesial canals of human mandibular molars, up to 10 times.
The impression that a light apical pressure exerted on PRIs and the use of each file for only a few seconds are requisites to guarantee the safe use of PRIs without the occurrence of instrument fracture was confirmed.
The sterilization by dry heat before each use, and the exposure to 2.5% NaOCl during each use, did not increase the risk of instrument separation.
Further studies to evaluate rotation-to-breakage of PRIs after sterilization and clinical use on patients are underway.
